During the first steps of photosynthesis, the energy of impinging solar photons is transformed into electronic excitation energy of the light-harvesting biomolecular complexes. The subsequent energy transfer to the reaction center is understood in terms of exciton quasiparticles which move on a grid of biomolecular sites on typical time scales less than 100 femtoseconds (fs). Since the early days of quantum mechanics, this energy transfer is described as an incoherent Förster hopping with classical site occupation probabilities, but 1
with quantum mechanically determined rate constants. This orthodox picture has been challenged by ultrafast optical spectroscopy experiments (1) (2) (3) with the Fenna-Matthews-Olson protein (4) in which interference oscillatory signals up to 1.5 picoseconds were reported and interpreted as direct evidence of exceptionally long-lived electronic quantum coherence. Here, we show that the optical 2D photon echo spectra of this complex at ambient temperature in aqueous solution do not provide evidence of any long-lived electronic quantum coherence, but confirm the orthodox view of rapidly decaying electronic quantum coherence on a time scale of 60 fs. Our results give no hint that electronic quantum coherence plays any biofunctional role in real photoactive biomolecular complexes. Since this natural energy transfer complex is rather small and has a structurally well defined protein with the distances between bacteriochlorophylls being comparable to other light-harvesting complexes, we anticipate that this finding is general and directly applies to even larger photoactive biomolecular complexes.
The principle laws of physics undoubtedly also govern the principle mechanisms of biology. The animate world consists of macroscopic and dynamically slow structures with a huge number of degrees of freedom such that the laws of statistical mechanics apply. On the other hand, the fundamental theory of the microscopic building blocks is quantum mechanics. The physics and chemistry of large molecular complexes immersed in solution may be considered as a bridge between the molecular world and the formation of living matter. A fascinating question since the early days of quantum theory is on the borderline between the atomistic quantum world and the classical world of biology. Clearly, the conditions under which matter displays quantum features or biological functionality are contrarious. Quantum coherent features only become apparent when systems with a few degrees of freedom with a preserved quantum me-2 chanical phase relation of a wave function are well shielded from environmental fluctuations that otherwise lead to rapid dephasing. This dephasing mechanism is very efficient at ambient temperatures at which biological systems operate. Also, the function of biological macromolecular systems relies on their embedding in a "wet" and highly polar solvent environment, which is again hostile to any quantum coherence. So, the common view has developed that a quantum coherent phase relation between the pigments involved in any biologically relevant dynamical process is rapidly destroyed on a sub-100 fs time scale. The transport is dominated by incoherent coupling between sites in which the energy transport is spatially directed by differences in site energies that naturally lead to energy relaxation and flow to the special pair. The nature of any quantum coherent interaction is short lived and would only involve nearest neighbours, a distinctively different view and operating physics from that of a fully coherent process as implicated by electronic coherences living as long as proposed (1-3).
In the recent years, ultrafast nonlinear two-dimensional (2D) optical spectroscopy has made it possible to challenge this orthodox view, since it accesses the fs time scales. A prominent energy transfer complex which is simple enough to provide clean experimental spectroscopic data is the Fenna-Matthew-Olson (FMO) protein (4) . In 2007, the oscillatory beatings observed in the off-diagonal signals of 2D optical spectra have been reported to survive for longer than 660 fs at cryogenic temperatures at 77 K (1). They were interpreted as signatures of long-lived electronic quantum coherent exciton dynamics in the FMO network. The same conclusion was drawn also from an experiment at higher temperatures up to 277 K (2), and similar beatings have been reported for marine cryptophyte algae (3) as well. These experiments have triggered an enormous interest in a potential new field of "quantum biology" (5-9), with far reaching consequences even for the functionality of the human brain (10) and for technological appli- ence. An additional strong coupling of the excitonic to the nuclear degrees of freedom was also considered (26-33) as a possible driving source of coherence. Such a mechanism can yield longer lived oscillations of the cross-peak amplitude (34, 35) , yet, a strong vibronic coupling is required and the oscillation amplitudes typically remain small. Moreover, the coupling between such oscillations can only persist as long as the electronic coherence lives as long as the vibrational period, an issue that has not been discussed.
Motivated by the unsatisfactory lack of experimental confirmation of the long-lived electronic coherence at ambient temperatures, we have revisited this question in the present combined experimental and theoretical study with the important distinction that we have conducted these studies under physiologically relevant conditions. We have measured a series of photon echo 2D optical spectra of the FMO trimer, extracted from green sulfur bacteria C. tepidum, at room temperature (296 K or 23 • C) and for different waiting times T . The 2D spectra for selected times between T = 0 and T = 2000 fs are shown in Fig. 1 (a) . In addition, we have calculated the 2D spectra of the FMO monomer (see Supplementary Materials for details) and compared them to the experimental ones ( Fig. 1 (a) ). In passing, we note that the calculated absorption spectrum shown in Fig. 1 (c) coincides with that measured in Ref. 36 . The experimental and calculated 2D spectra for different waiting times agree well. At initial waiting time T = 0 the 2D spectrum is stretched along the diagonal, which is a manifestation of a significant inhomogeneous broadening. With increasing waiting time, the inhomogeneous broadening is 4 rapidly reduced and becomes undetectable beyond T ∼ 1000 fs. A central feature of 2D electronic spectroscopy is that the antidiagonal width uniquely reveals the electronic dephasing time scale. This also holds when a strong vibronic coupling is present (34) . In Fig. 1 (b) , we show the antidiagonal cut of the 2D spectrum measured at T = 0 (indicated in Fig. 1 (a) by the black line) with a fitted Lorentzian profile yielding a FWHM of Δ hom = 175 cm This renders the spectrum strongly elongated along the ω τ coordinate and reveals an efficient energy transfer between the FMO pigments. The progressions ranging from the central peak at
to the region ω τ = 13500 cm . Furthermore, a strong negative off-diagonal peak at
, ω t = 12000 cm . Hence, the largest oscillation frequency which can be expected from the beatings between them is ∼ 490 cm . However, the lowest oscillation frequency which we found in the residuals lies well above (∼ 600 cm
−1
). Hence, we can safely conclude that the origin of these oscillations is not due to interference between the excitonic states.
A cross-correlation analysis (38) of the residuals across the diagonal ω τ = ω t in a delay time window up to 2 ps yields a 2D correlation spectrum shown in Fig. 2 (b . They can be associated to strong localized vibrational modes of the bacteriochlorophylls which follows from the vibrational progression in the absorption spectrum shown in Fig. 1 (c) .
To underpin the vibrational origin of the oscillations with rather small amplitudes, we con- (spectral position marked by a black cross in Fig. 1 (a) ). As follows from marked by a red square in Fig. 1 (a) , and (b) for ω τ = 12600 cm −1
, ω t = 12300 cm −1 marked by a blue square in Fig. 1 (a) . It is apparent that a minimal amount of electronic coherence only survives up to ∼ 60 fs. (c) The real (black), and imaginary (blue) part of the experimentally measured time trace at the same spectral position (see black cross in Fig. 1 (a) ) ω τ = 12350 cm 
